The erythroleukemia-inducing Friend spleen focus-forming virus (SFFV) encodes a unique envelope glycoprotein which allows erythroid cells to proliferate and differentiate in the absence of erythropoietin (Epo). In an effort to understand how SFFV causes Epo independence, we have been examining erythroid cells rendered factor independent by SFFV infection for constitutive activation of signal-transducing molecules. Previous studies from our laboratory showed that various signal-transducing molecules known to be activated by Epo, including Stat proteins and components of the Raf-1/MAP kinase pathway, are constitutively activated in SFFV-infected erythroid cells in the absence of Epo. Since another signal transduction pathway involving activation of phosphatidylinositol 3-kinase (PI 3-kinase) after Epo stimulation plays an important role in erythroid cell proliferation and differentiation, we carried out studies to determine if this pathway was also activated in SFFV-infected cells in the absence of Epo. Our studies show that PI 3-kinase is constitutively activated in erythroid cells rendered factor independent by infection with SFFV and that PI 3-kinase activity, but not Epo receptor tyrosine phosphorylation, is required for the proliferation of these cells in the absence of Epo. We further show that in SFFV-infected erythroid cells grown in the absence of Epo, PI 3-kinase associates with the insulin receptor substrate (IRS)-related adapter molecules IRS-2, Gab1, and Gab2, which are constitutively tyrosine phosphorylated in SFFV-infected cells. Finally, Akt, a protein kinase that is one of the downstream effectors of PI 3-kinase, and SHIP, a lipid phosphatase that is important for Akt activation through PI 3-kinase, are both tyrosine phosphorylated in SFFV-infected cells grown in the absence of Epo. Our results indicate that induction of Epo independence by SFFV requires the activation of PI 3-kinase and suggest that constitutive activation of this kinase in SFFV-infected cells may occur primarily through interaction of PI 3-kinase with constitutively phosphorylated IRS-related adapter molecules.
The proliferation and differentiation of erythroid cells are controlled by the binding of erythropoietin (Epo) to its cell surface receptor, resulting in the activation of various signal transduction pathways. The major pathways known to be activated through the Epo receptor (EpoR) are the Jak-Stat and the Ras/Raf-1/mitogen-activated protein kinase (MAPK) pathways. When Epo binds to the EpoR, the receptor-bound tyrosine kinase Jak2 becomes rapidly activated (41, 68) , most likely through receptor dimerization (66) , and is thought to phosphorylate itself and tyrosine residues located in the cytoplasmic region of the EpoR (17, 39) . Specific phosphotyrosine residues on the receptor then serve as docking sites for Stat proteins, in particular Stat5, which become phosphorylated and translocated to the nucleus (11, 21, 22, 30, 48, 49, 52, 65) . The tyrosine-phosphorylated sites on the Epo receptor also serve as docking sites for adapter molecules Shc and Grb2 (3, 9) , which link the receptor to the Ras/Raf-1/MAPK pathway (5, 42, 62) . Epo stimulation also leads to the activation of a third signal transduction pathway involving the lipid kinase phosphatidylinositol 3-kinase (PI 3-kinase). PI 3-kinase can be activated either through direct binding of its 85-kDa regulatory subunit to a specific tyrosine-phosphorylated site on the EpoR (10, 12, 26, 38, 40) or through binding to insulin receptor substrate (IRS)-related adapter molecules that are tyrosine phosphorylated after Epo stimulation (35, 63, 67) . Activation of PI 3-kinase leads to the activation of the serine/threonine kinase Akt (2, 4, 18, 19) and various isoforms of protein kinase C (1, 44, 46, 61) , and recent studies indicate that this pathway plays an important role in the proliferation, differentiation, and survival of erythroid progenitor cells (25, 31) .
The Friend spleen focus-forming virus (SFFV) encodes a unique envelope glycoprotein which allows erythroid cells to proliferate in the absence of Epo, resulting in the development of erythroleukemia (for a review, see reference 53). In an attempt to understand how SFFV alters the growth and differentiation of erythroid cells, we have been studying signal transduction pathways known to be activated by Epo to determine if SFFV exerts its biological effects by activating any of these pathways. We previously showed that SFFV infection leads to the Epo-independent activation of Stat proteins (48) as well as the downstream components of the Raf-1/MAPK pathway (45) . In this study, we have focused our investigation on determining the effects of SFFV infection on the activation of PI 3-kinase and its downstream effectors. Our results indicate that both PI 3-kinase and Akt kinase are constitutively activated in SFFV-infected cells growing in the absence of Epo and that activation of PI 3-kinase, but not EpoR tyrosine phos-phorylation, is required for the Epo-independent proliferation of SFFV-infected cells. Further studies suggest that PI 3-kinase is constitutively activated in SFFV-infected erythroid cells, primarily by interaction with the IRS-related adapter molecules IRS-2, Gab1, and Gab2, all of which are constitutively phosphorylated in these cells.
against background controls using an enzyme-linked immunosorbent assay reader. Relative proliferation was determined as a percentage by dividing the absorbance in the presence of inhibitor by the absorbance in the absence of inhibitor and multiplying by 100. Uninfected and SFFV-infected BaF3/WT-ER and BaF3/ZERO-ER cells were plated at a concentration of 10 4 cells/well in RPMI 1640 medium plus 10% FCS with or without Epo at various concentrations. After incubation for 72 h, WST-1 was added for 4 h and the absorbance was measured as described above. Relative proliferation of each line was determined as a percentage by dividing the absorbance for each point by the absorbance obtained when the cells were grown in 0.36 U of Epo/ml and multiplying by 100.
RESULTS

PI 3-kinase is constitutively activated in SFFV-infected erythroid cells.
It has previously been demonstrated that PI 3-kinase is activated in erythroid cells in response to Epo. In order to determine if PI 3-kinase is constitutively activated in SFFVinfected cells, Epo-dependent HCD-57 cells or HCD-57 cells that had been rendered factor independent following infection with SFFV were left unstimulated or were stimulated with Epo for various amounts of time. Cell lysates were then immunoprecipitated with antiphosphotyrosine antibody, and PI 3-kinase activity was determined by an in vitro kinase assay using PI as a substrate. As shown in Fig. 1 , there is a very low level of PI 3-kinase activity in unstimulated HCD-57 cells and it is greatly increased (13-fold) within 5 min after Epo stimulation. In contrast, HCD-57 cells infected with SFFV showed a high level of PI 3-kinase activation even in the absence of Epo stimulation.
Association of the 85-kDa regulatory subunit of PI 3-kinase with tyrosine-phosphorylated proteins in SFFV-infected cells grown in the absence of Epo. PI 3-kinase can be activated after Epo stimulation by direct association of its 85-kDa regulatory unit with tyrosine-phosphorylated EpoR molecules (10, 12, 26, 38, 40) or by association with one of the tyrosine-phosphorylated IRS adapter molecules IRS-2 (63), Gab1 (35, 67) , and Gab2 (67) . In order to examine the tyrosine-phosphorylated proteins associated with constitutively activated PI 3-kinase in SFFV-infected cells, we precipitated extracts of these cells with antiserum to PI 3-kinase p85 and then carried out Western blotting with antiphosphotyrosine antibodies. As shown in Fig.  2 , Epo stimulation of both uninfected and SFFV-infected HCD-57 cells resulted in the association of PI 3-kinase with a number of tyrosine-phosphorylated proteins, including those with molecular masses of 180, 97, 78, and 57 kDa. These proteins were subsequently identified as IRS-2, Gab1 or -2, EpoR, and Shc, respectively (data not shown). In SFFV-infected cells grown in the absence of Epo, the p85 regulatory subunit of PI 3-kinase specifically associated with several of these tyrosine-phosphorylated proteins, but not detectably FIG. 1. PI 3-kinase is constitutively activated in SFFV-infected erythroid cells. Uninfected or SFFV-infected HCD-57 cells were left unstimulated or were stimulated with Epo for the indicated periods of time. Cell lysates were then immunoprecipitated (IP) with antiphosphotyrosine (␣PY) antibody. PI 3-kinase activity was determined by an in vitro kinase assay using PI as a substrate. PI phosphate (PIP) was separated by thin-layer chromatography, and the plate was exposed to film for 24 h. PI 3-kinase activity was quantitated, and the results were expressed as fold activation relative to that for unstimulated HCD-57 cells.
with the 78-kDa protein corresponding to the EpoR. We failed to detect tyrosine phosphorylation of the EpoR in SFFV-infected cells unless they were stimulated with Epo (data not shown), and that may explain our failure to detect its association with the p85 subunit of PI 3-kinase in the absence of Epo. Although PI 3-kinase does not appear to directly bind to tyrosine-phosphorylated EpoR molecules in SFFV-infected cells grown in the absence of Epo, it does appear to be associated with the EpoR complexes in these cells. As shown in Fig. 2B , we were able to detect constitutive PI 3-kinase activity in lysates from SFFV-infected HCD-57 cells, but not from uninfected HCD-57 cells, after immunoprecipitation with antiserum to the EpoR.
IRS-2, Gab1, and Gab2 are constitutively phosphorylated in SFFV-infected cells and associate with PI 3-kinase activity. Since our data indicated that tyrosine-phosphorylated proteins corresponding in molecular weight to the IRS-related adapter proteins IRS-2, Gab1, and Gab2 were constitutively associated with the regulatory subunit of PI 3-kinase in SFFV-infected cells, we carried out further studies with specific antisera to these adapter molecules to determine if the activation of PI 3-kinase that occurs in SFFV-infected cells in the absence of Epo is primarily mediated through these adapter molecules. As shown in Fig. 3A , uninfected HCD-57 cells show a low level of constitutive IRS-2 tyrosine phosphorylation, perhaps due to the presence of insulin or insulin-like growth factors in the medium, and this level is greatly increased after Epo stimulation. The level of IRS-2 tyrosine phosphorylation was not increased by stimulation of HCD-57 cells with stem cell factor (data not shown). However, HCD-57 cells infected with SFFV show a significantly higher level of IRS-2 tyrosine phosphorylation in the absence of Epo than uninfected HCD-57 cells. To determine if the tyrosine-phosphorylated IRS-2 present in SFFV-infected cells in the absence of Epo was involved in the constitutive activation of PI 3-kinase in these cells, we carried out an in vitro PI 3-kinase assay using immunoprecipitates from cell lysates treated with an antiserum specific for IRS-2. As shown in Fig. 3B , a low level of PI 3-kinase activity associates with IRS-2 in uninfected HCD-57 cells before Epo stimulation and this level is greatly increased (approximately fivefold) after the cells are exposed to Epo for 5 min. In contrast, SFFV-infected HCD-57 cells showed high levels of IRS-2-associated PI 3-kinase activity in the absence of Epo stimulation.
SFFV-infected cells show constitutive phosphorylation of, in addition to IRS-2, the related adapter molecules Gab1 and Gab2. As shown in Anti-EpoR immunoprecipitates were tested for PI 3-kinase activity by an in vitro PI 3-kinase assay using PI as a substrate. PI phosphate (PIP) was separated by thin-layer chromatography, and the plate was exposed to film for 24 h. PI 3-kinase activity was quantitated, and the results were expressed as fold activation relative to that for unstimulated HCD-57 cells.
FIG. 3. IRS-2 is tyrosine phosphorylated in SFFV-infected erythroid cells in
the absence of Epo and constitutively associates with PI 3-kinase. Uninfected and SFFV-infected HCD-57 cells were left unstimulated or were stimulated with Epo for the indicated periods of time. (A) IRS-2 was detected by immunoprecipitation (IP) with anti-IRS-2 antiserum followed by blotting with antiphosphotyrosine (␣PY) or anti-IRS-2 antibodies. (B) Anti-IRS-2 immunoprecipitates were tested for PI 3-kinase activity by an in vitro PI 3-kinase assay using PI as a substrate. PI phosphate (PIP) was separated by thin-layer chromatography, and the plate was exposed to film for 24 h. PI 3-kinase activity was quantitated, and the results were expressed as fold activation relative to that for unstimulated HCD-57 cells.
associates with PI 3-kinase activity in SFFV-infected HCD-57 cells, whereas it does not significantly associate with PI 3-kinase in uninfected HCD-57 cells unless the cells are stimulated with Epo.
Previous studies have shown that the protein tyrosine phosphatase SHP-2 associates with tyrosine-phosphorylated Gab1 and Gab2 after stimulation with certain growth factors, resulting in the tyrosine phosphorylation of SHP-2 (35, 47, 58, 67) . As shown in Fig. 4A and 5A, SHP-2 becomes tyrosine phosphorylated and associates with Gab1 and Gab2 in both uninfected and SFFV-infected HCD-57 cells after Epo stimulation. However, Epo-independent tyrosine phosphorylation of SHP-2 and its association with Gab1 and Gab2 can only be detected in SFFV-infected HCD-57 cells. The same results were obtained when anti-SHP-2 immunoprecipitates were examined (data not shown). In addition to SHP-2, Shc is also coprecipitated with Gab1 and Gab2, both in response to Epo and constitutively in SFFV-infected cells (note the 57-kDa tyrosine-phosphorylated proteins in Fig. 4A and 5A) .
Inhibition of PI 3-kinase activity blocks Epo-independent proliferation of SFFV-infected cells. In order to determine if activation of PI 3-kinase is required for the Epo-independent proliferation of SFFV-infected cells, we studied the effect of the specific PI 3-kinase inhibitor LY294002 (64) on the proliferation of uninfected and SFFV-infected HCD-57 cells. As shown in Fig. 6 , treatment with LY294002 of both uninfected and SFFV-infected HCD-57 cells growing in the presence of Epo resulted in a dose-dependent inhibition of proliferation at doses that are known to block PI 3-kinase activity. Importantly, the Epo-independent proliferation of SFFV-infected cells was severely inhibited by the drug (reduced by 94 to 95% at 40 M), even more than was the Epo-dependent proliferation of uninfected HCD-57 cells (reduced by 72% at 40 M). These results demonstrate that the Epo-independent proliferation of SFFV-infected cells is dependent on PI 3-kinase activation.
Akt kinase and the lipid phosphatase SHIP are tyrosine phosphorylated after Epo stimulation and SFFV infection. The protein kinase Akt is a downstream effector of activated PI 3-kinase in many systems, and it was recently shown to be activated in response to Epo (2) . In order to determine if this kinase is constitutively activated in SFFV-infected cells, cell lysates were immunoblotted with an antiserum that specifically detects Akt phosphorylated on serine 473. As shown in Fig. 7 , a very low level of phosphorylated Akt is detected in uninfected HCD-57 in the absence of Epo but the addition of Epo leads to a significant increase, with maximum levels of phosphorylated protein detected after a 30-min stimulation. In contrast, HCD-57 cells infected with SFFV express high levels of phosphorylated Akt in the absence of Epo, indicating that Akt is constitutively phosphorylated in SFFV-infected cells.
It has previously been shown that Akt is activated by only one of the three lipid products of PI 3-kinase, phosphatidylinositol 3,4-bisphosphate (19, 32) . The levels of this product are thought to be regulated by specific inositol polyphosphate 5Ј-phosphatases such as SIP and SHIP (13, 29) . Since SHIP is tyrosine phosphorylated in response to Epo (13), we examined HCD-57 cells and their virus-infected counterparts for the tyrosine phosphorylation of SHIP in the presence or absence of Epo. As shown in Fig. 8 Anti-Gab1 immunoprecipitates were tested for PI 3-kinase activity by an in vitro PI 3-kinase assay using PI as a substrate. PI phosphate (PIP) was separated by thin-layer chromatography, and the plate was exposed to film for 24 h. PI 3-kinase activity was quantitated, and the results were expressed as fold activation relative to that for unstimulated HCD-57 cells.
FIG. 5.
Gab2 is tyrosine phosphorylated in SFFV-infected erythroid cells in the absence of Epo and constitutively associates with PI 3-kinase activity. Uninfected and SFFV-infected HCD-57 cells were left unstimulated or were stimulated with Epo for the indicated periods of time. (A) Tyrosine-phosphorylated Gab2, total Gab2, and Gab2-associated SHP-2 were detected by immunoprecipitation (IP) of cell lysates with antiserum to Gab2, followed by immunoblotting with either antiphosphotyrosine (␣PY), anti-Gab2, or anti-SHP-2 antibodies. (B) Anti-Gab2 immunoprecipitates were tested for PI 3-kinase activity by an in vitro PI 3-kinase assay using PI as a substrate. PI phosphate (PIP) was separated by thin-layer chromatography, and the plate was exposed to film for 48 h. PI 3-kinase activity was quantitated, and the results were expressed as fold activation relative to that for unstimulated HCD-57 cells.
stimulation and in SFFV-infected cells grown in the absence of Epo (data not shown).
Induction of Epo independence by SFFV does not require EpoR tyrosine phosphorylation. Activation of PI 3-kinase in erythroid cells can occur either by the direct binding of PI 3-kinase to phosphorylated tyrosine sites on the EpoR or by its binding to tyrosine-phosphorylated IRS-related adapter molecules, and our data suggest that activation of PI 3-kinase by SFFV occurs primarily by its binding to IRS adapter molecules. In order to determine if SFFV could render cells factor independent in the absence of EpoR tyrosine phosphorylation, we took advantage of a cell line expressing a mutant EpoR devoid of intracellular tyrosines. This line, designated BaF3/ ZERO-ER (20) , expresses an EpoR that lacks the last 109 amino acids and that contains a mutation of Tyr 343 to Phe. As shown in Fig. 9 , BaF3/ZERO-ER cells proliferate in response to Epo, but less efficiently than a line expressing the wild-type EpoR (BaF3/WT-ER). When BaF3/WT-ER and BaF3/ZERO-ER cells were infected with SFFV-P, they were both rendered factor independent and proliferated to high levels in the absence of Epo (Fig. 9) . Further analysis of the Epo-independent SFFV-infected BaF3/ZERO-ER cells indicated that PI 3-kinase was constitutively associated in these cells with high levels of tyrosine-phosphorylated proteins corresponding to Gab proteins and IRS-2 (Fig. 10A) . Like SFFV-infected HCD-57 cells, BaF3/WT-ER and BaF3/ZERO-ER cells rendered factor independent by SFFV showed constitutive tyrosine phosphorylation of both Gab1 (Fig. 10B) and Gab2 (Fig. 10C ) and the constitutive association of SHP-2 with these adapter molecules. Thus, SFFV can induce Epo independence as well as the constitutive activation of IRS adapter proteins and their association with PI 3-kinase in cells expressing truncated EpoR molecules lacking intracellular tyrosine residues.
DISCUSSION
Previous studies from our laboratory have shown that infection of erythroid cells with the erythroleukemia-inducing Friend SFFV leads to the Epo-independent activation of components of the Jak-Stat and the Raf-1/MAPK pathways. In this study we show that PI 3-kinase is also constitutively activated in SFFV-infected erythroid cells and that its activity is required for the Epo-independent proliferation of these cells. We further show that both the Epo-independent proliferation of SFFV-infected cells and the activation of PI 3-kinase in these cells can occur in the absence of EpoR tyrosine phosphorylation and involves the activation of IRS-related adapter molecules. Finally, we demonstrate that Akt kinase, one of the downstream targets of PI 3-kinase, is also constitutively activated in SFFV-infected cells. PI 3-kinase, which is rapidly activated in response to Epo, plays an essential role in the proliferation and differentiation of normal erythroid cells (10, 12, 25, 26, 28, 31, 38, 40) . PI 3-kinase can be activated by Epo in one of several ways. The regulatory subunit of the kinase, p85, can bind directly to tyrosine 479 in the carboxyl terminus of the EpoR after it has been tyrosine phosphorylated in response to Epo (12) . Alternatively, p85 can bind to adapter molecules, such as IRS-2 (63), Gab1 (35, 67) , and Gab2 (67), which become tyrosine phosphorylated after Epo stimulation. It is not known which of these mechanisms is primarily used by erythroid cells to activate PI 3-kinase in response to Epo, although it is likely that maximum proliferation occurs when both of these mechanisms are intact. In contrast to Epo-induced activation of PI 3-kinase, Epo-independent activation of PI 3-kinase in SFFV-infected erythroid cells appears to occur primarily through activation of IRS-related adapter molecules. When we examined SFFVinfected erythroid cells, we were unable to detect the association of PI 3-kinase with tyrosine-phosphorylated EpoR proteins unless Epo was present, although PI 3-kinase activity could be immunoprecipitated with antiserum to the EpoR, indicating that PI 3-kinase activity was associated with the EpoR complex. In contrast, we could clearly detect the association of PI 3-kinase with the tyrosine-phosphorylated adapter molecules IRS-2, Gab1, and Gab2 in SFFV-infected erythroid cells grown in the absence of Epo. These IRS-related adapter molecules, which are tyrosine phosphorylated in normal erythroid cells only after Epo stimulation, are constitutively tyrosine phosphorylated in SFFV-infected erythroid cells, and PI 3-kinase activity could be immunoprecipitated with antisera specific to each of these adapter molecules. Thus, the Epo- independent activation of PI 3-kinase in SFFV-infected cells appears to be mediated preferentially through the binding of PI 3-kinase to tyrosine-phosphorylated IRS adapter molecules associated with the EpoR complex rather than through its direct binding to tyrosine-phosphorylated sites on the EpoR. This idea is supported by the fact that a hematopoietic cell line that expresses mutant EpoRs devoid of intracellular tyrosine residues, including the PI 3-kinase binding site, could be rendered factor independent after infection with SFFV. Importantly, PI 3-kinase constitutively associates with IRS adapter molecules in these cells, and Gab1 and Gab2 are constitutively phosphorylated. Thus, induction of Epo independence and activation of the PI 3-kinase pathway by SFFV do not require the phosphorylation of intracellular tyrosine residues in the EpoR.
The physiological relevance of constitutive activation of PI 3-kinase in SFFV-infected cells is demonstrated by the fact that we can completely inhibit the Epo-independent proliferation of these cells using low concentrations of LY294002, a specific inhibitor of PI 3-kinase. Interestingly, the Epo-independent proliferation of SFFV-infected HCD-57 cells was more sensitive to low doses of the PI 3-kinase inhibitor than that of uninfected HCD-57 cells or of SFFV-infected HCD-57 cells grown in the presence of Epo. This suggests that the Epo-independent growth of SFFV-infected cells is more dependent on activation of the PI 3-kinase pathway than the Epo-dependent growth of normal erythroid cells. Thus, it may be possible to use low concentrations of PI 3-kinase inhibitors to specifically block the proliferation of SFFV-infected erythroid cells in vivo without inhibiting the growth of normal cells.
For these studies, we examined HCD-57 cells infected with two different variants of SFFV: SFFV-P and SFFV-A. Although infection of HCD-57 cells with these variants does not cause any obvious difference in biological phenotype, infection of primary erythroid cells demonstrates that SFFV-P and SFFV-A have different effects on the growth and differentiation of erythroid cells (for a review, see reference 53). Cells infected with SFFV-P can both proliferate and differentiate in the absence of Epo, while those infected with SFFV-A still require Epo for differentiation and are hypersensitive to Epo for proliferation. It is, therefore, interesting to note that HCD-57 cells infected with SFFV-A, either in the absence or presence of Epo, consistently show higher levels of tyrosinephosphorylated IRS-related adapter molecules and constitutive PI 3-kinase activity than cells infected with SFFV-P. Furthermore, SFFV-A-infected HCD-57 cells are more sensitive than SFFV-P-infected cells to growth inhibition by low doses of the PI 3-kinase inhibitor LY294002. The biological differences between these two variants are attributed to a subtle difference in the transmembrane regions of their envelope glycoproteins (7, 8) , and this may alter how the viral proteins interact with the EpoR and, consequently, the signals that FIG. 9 . Induction of Epo independence by SFFV does not require EpoR tyrosine phosphorylation. Ba/F3 cells expressing wild-type EpoR (WT) or a mutant EpoR that contains no intracellular tyrosine residues (ZERO) were infected with SFFV-P, and Epo-independent clones were selected and designated WT/SFFV and ZERO/SFFV. Cells were grown without Epo or with various concentrations of Epo for 72 h, and the level of proliferation was measured as described in Materials and Methods. Relative proliferation was determined as a percentage of the absorbance at each point relative to the absorbance when the cells were grown in 0.36 U of Epo/ml. emanate from the receptor to control cell growth and differentiation. For example, interaction of the SFFV-A envelope glycoprotein, but not that of SFFV-P, with the EpoR may block the binding of a negative regulatory factor, allowing the cells to become hypersensitive to both Epo and SFFV and leading to higher levels of PI 3-kinase activity and higher levels of other signal-transducing molecules. Higher levels of PI 3-kinase may be required for the Epo-independent activation of cell proliferation by SFFV-A-infected cells because interaction of the SFFV-A envelope glycoprotein with the EpoR may be unable to activate a complementary signal transduction pathway activated by SFFV-P. This may explain why SFFV-Ainfected HCD-57 cells are more sensitive to growth inhibition by low doses of the PI 3-kinase inhibitor LY294002.
Our previous studies showed that components of the Raf-1/ MAPK pathway are constitutively activated in SFFV-infected cells (45) , and this may be mediated by the activation of the IRS/PI 3-kinase pathway. In SFFV-infected erythroid cells, we observed the constitutive association of Gab1 and Gab2 with SHP-2, Shc, and SHIP, and formation of such multimolecular complexes could lead to the activation of Ras and the Raf-1/ MAPK pathway (3, 47, 58, 59 ). Alternatively, MEK or MAPK may be directly phosphorylated in SFFV-infected cells by one of the isoforms of protein kinase C (16, 23, 31) , another downstream effector of PI 3-kinase that we find constitutively activated in SFFV-infected cells (unpublished data). We also detect constitutive activation of Stat proteins in SFFV-infected erythroid cells (48) , but it is unclear whether this is also mediated by activation of the IRS/PI 3-kinase pathway. In normal erythroid cells, Stat proteins are primarily activated after binding to specific tyrosine-phosphorylated sites on the EpoR, but they can also be activated at low levels in the absence of EpoR tyrosine phosphorylation (11, 21, 30) , and this may occur by the direct binding of Stat proteins to phosphorylated IRS-related adapter molecules. However, we have been unable to detect the association of IRS-related adapter proteins with Stat proteins in SFFV-infected cells either in the absence or presence of Epo (data not shown).
It is not known how IRS-2, Gab1, and Gab2 become tyrosine phosphorylated in SFFV-infected HCD-57 cells grown in the absence of Epo. Epo stimulation leads to the activation of the tyrosine kinase Jak2 (41, 68) , and it has been suggested that Jak kinases may phosphorylate IRS adapter molecules in other systems (58, 70) . However, we have been unable to detect the constitutive phosphorylation of Jak2 or of any other Epo-induced kinase, including Fes, Lyn, and Tec (6, 24, 37, 60) , in SFFV-infected cells (data not shown). Since interaction of the SFFV envelope glycoprotein with the EpoR may lead to activation of a tyrosine kinase not activated by Epo, we are also examining SFFV-infected cells for the constitutive activation of other tyrosine kinases. We have failed to detect the constitutive activation of Jak1, Jak3, or Tyk-2 (data not shown) and are currently examining SFFV-infected erythroid cells for the constitutive activation of Stk, a receptor tyrosine kinase that Tyrosine-phosphorylated Gab1, total Gab1, and Gab1-associated SHP-2 were detected by immunoprecipitation of cell lysates with antiserum to Gab1, followed by immunoblotting with either antiphosphotyrosine, anti-Gab1, or anti-SHP-2 antibodies. WT, uninfected BaF3/WT-ER cells; WT/SFFVp, BaF3/WT-ER cells infected with SFFV-P. (C) Tyrosine-phosphorylated Gab2, total Gab2, and Gab2-associated SHP-2 were detected by immunoprecipitation of cell lysates with antiserum to Gab2, followed by immunoblotting with either antiphosphotyrosine, anti-Gab2, or anti-SHP-2 antibodies.
was recently implicated in susceptibility to SFFV-induced erythroleukemia (50) .
In addition to demonstrating that PI 3-kinase is constitutively activated in SFFV-infected cells, we also show that one of its downstream targets, the serine/threonine kinase Akt (4, 18, 19) , is also constitutively activated in SFFV-infected cells grown in the absence of Epo. Our studies further suggest that activation of Akt by PI 3-kinase is promoted by the constitutive activation in these virus-infected cells of the lipid phosphatase SHIP, whose activity leads to the generation of phospholipid products known to specifically activate Akt (19, 32) . Activation of Akt is thought to promote cell survival by blocking apoptosis, primarily thorough phosphorylation of BAD (14, 15) , a Bcl-2 family member whose death-promoting function is inactivated by phosphorylation. It is not known whether any Bcl-2 family members are phosphorylated in response to Epo. However, the levels of Bcl-2 and Bcl-X L dramatically drop after Epo withdrawal (2, 27, 56) , suggesting that these Bcl-2 family members are the primary repressors of apoptosis in erythroid cells. Studies are, therefore, in progress to determine if BAD or any other Bcl-2 family members are phosphorylated or altered in expression level in SFFV-infected cells grown in the absence of Epo.
This study provides strong evidence that induction of Epo independence in vitro by SFFV is mediated by the constitutive activation of the PI 3-kinase/Akt pathway and suggests that deregulation of this pathway in vivo may be a critical step in the development of SFFV-induced erythroleukemia in mice. Recent studies have suggested that constitutive activation of the PI 3-kinase/Akt pathway may also play an important role in the development of hematopoietic malignancies and solid tumors in humans. Chronic myelogeneous leukemia and acute lymphoblastic leukemia associated with activation of the Bcr/Abl oncogene are associated with activation of the PI 3-kinase/Akt pathway (57), and PI 3-kinase or Akt or both have been shown to be constitutively activated, or their levels enhanced, in a number of solid human tumors (33, 43, 51, 55) . IRS-2 has also been shown to be overexpressed in human pancreatic cancer cell lines (34) , and this may lead to deregulation of the PI 3-kinase/Akt pathway in these cells. In many of these studies, inhibitors of PI 3-kinase have been shown to block the proliferation of the malignant cells, suggesting that constitutive activation of the PI 3-kinase pathway is critical for tumor cell growth. Consistent with this idea are recent studies showing that the tumor suppressor gene PTEN functions as a negative regulator of the PI 3-kinase/Akt pathway and that mutations in this gene can increase susceptibility to cancer (36, 69) . Thus, constitutive activation of the PI 3-kinase/Akt pathway may be a common event leading to leukemia and cancer, making it an attractive target for therapeutic intervention.
